Liquid iron alloys containing V, Mo, and Ni can be produced by the carbothermic reduction of spent catalysts used in petrochemical industry. Thermodynamics of carbon in these alloy melts is important for refining these alloys. In the present study, the carbon solubility in FeV, FeMo, FeNi, FeVMo, FeVNi, FeMoNi and FeVMoNi alloy melts of various compositions was measured at 1873 K. The additions of vanadium and molybdenum significantly increased the carbon solubility in liquid iron alloys while nickel decreased the carbon solubility. The temperature dependency of carbon solubility in FeV melt was also measured in the temperature range from 1823 to 1923 K. The present and previous experimental results were thermodynamically analyzed using Lupis' relation at constant activity to determine the first-and the secondorder interaction parameters of vanadium, molybdenum and nickel on carbon at carbon saturated condition in liquid iron alloys. Using thermodynamic parameters determined in the present study, the carbon solubility in FeVMoNi alloy melts of various composition were accurately predicted and verified experimentally at 1873 K.
Introduction
The spent catalysts used in petrochemical industry contain a substantial amount of valued metals such as vanadium, nickel and molybdenum up to 30 mass% in total. Recently, the smelting reduction process of this resource using the carbothermic reaction is being developed and commercialized to recover these metals in the form of ferro-alloys. In this process, it is essential to understand the thermodynamic nature of carbon among alloying elements in liquid iron to predict the carbon solubility in FeCVMoNi system. Several studies on FeCV, FeCMo, and FeCNi ternary alloys have been carried out to determine the interaction parameters between vanadium, molybdenum or nickel on carbon in liquid iron in the temperature range from 1623 to 1833 K. 15) However, studies for multi-component iron alloys containing vanadium, nickel and molybdenum simultaneously are not available yet. Also, the data are not available at higher temperatures while the smelting reduction of spent catalysts requires a high process temperature near or above 1873 K.
In the present study, the carbon solubility in FeV, FeMo, FeNi, FeVMo, FeVNi, FeMoNi and FeVMoNi alloy melts was measured at 1873 K. The temperature dependency of vanadium effect on carbon solubility in liquid iron was also measured in the temperature range from 1823 to 1923 K. The experimental results were thermodynamically analyzed using Lupis' relation at constant activity 6) to determine the interaction parameters of vanadium, molybdenum and nickel on carbon at its saturation in liquid iron alloys. Using thermodynamic parameters determined in the present study, the carbon solubility in FeVMoNi alloy melts of various compositions was predicted and verified experimentally at 1873 K.
Experimental Procedures
Two hundred grams of high purity electrolytic iron, contained in a graphite crucible (OD: 60 mm, ID: 54 mm, H: 90 mm) was melted at 1873 K using a high frequency induction furnace as shown in Fig. 1 . The reaction chamber consisted of a 96 mm OD quartz tube open at both ends and was connected to a gas delivery system. After melting the iron under the Ar atmosphere, the temperature of the melt was directly measured by a Pt/Pt13 mass%Rh thermocouple immersed in the melt. Any possible influence of high frequency noise on the temperature reading was avoided by grounding the circuit of the thermocouple. Previous studies confirmed that no significant noise was detected.
79) The temperature fluctuation of iron melt could be controlled within 2 K during experiment by the PID controller of the induction furnace. The temperature reading of the PID controller was calibrated by the sourcing DC voltage calibrator for the thermal EMF of R-type thermocouple. In the case of vanadium and molybdenum addition experiments, the pellets of vanadium (99.9% purity) and molybdenum (99.95% purity) were added to liquid iron after confirming the saturation of carbon in liquid iron. Strong agitation of melt by an induction furnace resulted in a fast attainment of equilibrium carbon solubility in liquid iron. After each alloy addition, a new level of equilibrium carbon solubility was attained within 40 min. This was confirmed by sampling and in-situ analysis with time after the alloy addition as shown in Fig. 2 . Vanadium and molybdenum were added to liquid iron up to 27 mass%. In case of nickel addition experiment, an Fe30 mass%Ni alloy was melted from electrolytic iron and nickel (99.99% purity) in a graphite crucible and iron was added to decrease nickel content in the melt.
The metal sample was extracted using a 6 mm OD quartz tube and quenched rapidly in water within 2 s. The metal samples were carefully cut for the chemical analysis. The carbon content was analyzed by the carbon/sulfur analyzer (CS-800, Eltra, Neuss, Germany). For the analysis of vanadium, molybdenum and nickel, the metal sample (0.2 g) was dissolved in 20 mL of aqua regia solution in a glass beaker of 50 mL capacity heated in a water bath for 2 h and analyzed by the inductively coupled plasma atomic emission spectroscopy (ICP-AES, SPECTRO ARCOS apparatus, manufactured by Spectro Analytical Instruments, Kleve, Germany) using appropriate standard solutions containing the same amount of Fe as the sample solutions.
One of the main concerns in the measurement of equilibrium carbon solubility in liquid alloys containing vanadium, molybdenum and nickel by the sampling method was how to retain the dissolved carbon in metals during sampling procedure. A separate test was conducted to see if any delay in quenching would result in a substantial error in determining soluble carbon content. The result showed that quenching the metal samples in water within 2 s did not invalidate the results. The other experimental concern was the possibility of reaction between the extracted metal sample with air during sampling by a quartz tube. Top and middle parts of quenched metal samples in a quartz tube were separately analyzed to check if there was any difference in metal composition. The difference was negligible indicating that metal samples did not react with air during sampling procedure.
Results and Discussion
3.1 Solubility of carbon in FeV, FeNi, and FeMo melts at 1873 K The carbon solubility in FeV, FeMo, and FeNi alloy melts was measured as a function of alloying element concentration at 1873 K as summarized in Table 1 . As shown in Fig. 3 , the carbon solubility linearly increased with the additions of vanadium and molybdenum, while it decreased with the addition of nickel. Therefore, the carbon solubility in these alloy melts can be expressed as
where X Ã C is the solubility of carbon in FeC sat melt in molar basis, and the value measured in the present study was 0.21 at 1873 K which is in good agreement with Chipman and Brush's work. 10) From the slopes of the straight lines shown in Fig. 3 , the K i values were determined as 0.47, 0.26 and ¹0.18 at 1873 K in FeC sat V, FeC sat Mo and FeC sat Ni melts, respectively.
Using the carbon solubility data, the activity coefficient of carbon, £ C can be determined from the reciprocal of mole fraction of carbon because the activity of carbon is unity in carbon saturated liquid iron.
At carbon saturation, Lupis has reported the concept of the interaction coefficient at constant activity as the following equation.
where £ Ã C is the activity coefficient of carbon or the reciprocal of mole fraction of carbon solubility in FeC sat melt, 1=X Ã C , and then eq. (3) can be rewritten as
ð4Þ ¾ Ãi C and µ Ãi C are the first-and the second-order interaction parameters of element i on carbon at carbon saturated condition defined as; 
Temperature dependency of carbon solubility in
FeV, FeNi, and FeMo melts Figure 5 shows the carbon solubility in FeC sat melt determined in the temperature range from 1823 to 1923 K together with the carbon solubility polytherms determined by previous workers.
1013) The data determined in the present study are in excellent agreement with Chipman and Brush's work. 10) Figure 6 shows the carbon solubility in FeV melts determined in the temperature range from 1823 to 1923 K as summarized in Tables 1 and 2 . Figure 7 shows the relation of eq. (4) Figure 8 shows the carbon solubility in FeMo and FeNi melts determined by different authors at different temperatures. Mori et al. measured the carbon solubility in FeMo containing molybdenum up to 12.4 mass% and FeNi melts over the whole composition range at 1823 K using a resistance furnace. 4, 5) However, the correlation of the carbon solubility vs. nickel content was not satisfactory enough as shown in Fig. 8(b) . In the present study, the carbon solubility in liquid iron containing molybdenum and nickel up to 27 mass% was measured at 1873 K using an induction furnace. As mentioned earlier, strong agitation of melt by an induction furnace resulted in a fast attainment of equilibrium carbon solubility in liquid iron. Moreover, the melt temperature control and the sampling techniques used in the present study allowed us to determine the equilibrium carbon solubility more accurately. As a result, the correlations of the carbon solubility vs. molybdenum and nickel contents are excellent over a wide range of composition as shown in the figure.
The relations of lnðX Carbon Solubility in Liquid Iron Containing V, Mo and Nievaluated for these parameters because it was found to be within experimental uncertainties.
Solubility of carbon in FeVMo, FeVNi, FeNi
Mo and FeVMoNi melts In order to predict the carbon solubility in multicomponent iron alloys containing vanadium, molybdenum and nickel, the simultaneous effect of alloying components on carbon should be considered. Therefore, the carbon solubility in FeVMo, FeVNi and FeMoNi alloy melts of various compositions was measured at 1873 K as summarized in Table 1 . The activity coefficient of carbon in FeC sati-j system can be expressed as the following relation using the similar relation as eq. (3).
In the preceding section, ¾
C and µ *j C were determined, and eq. (7) can be rearranged as µ Ãi,j
where µ *i,j C is the second-order interaction parameter of i and j components on carbon, X i and X j are the mole fractions of components i and j in FeC sat -i-j melts. Figure 10 shows the plot for the relation of eq. (8) as zero at 1873 K. Therefore, the carbon solubility in multi-component iron alloys containing vanadium, molybdenum and nickel can be predicted from the carbon solubility in FeC sat melt and the interaction parameters of those alloying elements on carbon. It is worthy to check if the carbon solubility in FeVMoNi alloy melts can be predicted using the interaction parameters determined in the present study. For an example, the carbon solubility in FeVMoNi alloy melts can be calculated as a function of melt composition using the following relation.
where X * C is the mole fraction of carbon solubility in FeC sat melt and the temperature dependence being given by the relationship of X * C ¼ 0:352 À 266=T . 10) In order to check the validity of the interaction parameters determined in the present study, the carbon solubility measurement was carried out for FeVMoNi melts at 1873 K as shown in Table 1 . Figure 11 compares the experimental results of carbon solubility in multi-component alloy melts with the calculated values using eq. (9). They are in excellent agreement indicating that the interaction parameters determined in the present study can be used to predict the carbon solubility in FeCVMoNi alloys over a wide range of melt composition.
Summary
From the carbon solubility measured in liquid iron alloys containing various compositions of vanadium, molybdenum and nickel, the interaction parameters of those alloying components on carbon in liquid iron alloys have been determined using Lupis' relation at constant activity. The data are summarized in Table 3 . The parameters showed no significant temperature dependency and they could be used to predict the carbon solubility in FeVMoNi alloy melts over wide range of melt composition. 
